The vast literature which has accumulated on the metabolism of creatine has been reviewed in a number of monographs (1 to 4) . The discovery of phosphocreatine in muscle (5, 6) was followed by extensive work on the enzyme system controlling the creatine-phosphocreatine cycle and the role of this cycle in muscular contraction (7, 8) .
The synthesis of creatine from its precursors has recently been elucidated using isotopes (9, 10) and experiments on isolated tissues (11) . It has been demonstrated that administration of androgens having a methyl group in the 17-position leads to an outpouring of creatine into the urine, presumably through an increased synthesis of creatine (12 to 14) .
In spite of all this work, the mechanism by which various physiological and pathological conditions influence the excretion of creatine and creatinine is still little understood. The elucidation of these problems depends on the one hand on the study of the synthesis of creatine from its precursors, and on the other hand, upon an understanding of the factors which govern the storage of creatine and phosphocreatine in the muscles, and the liberation and excretion of creatine and creatinine in the urine. The effects of thyroid on the excretion of creatine are so marked that they present an opportunity to study these questions. In this paper we shall survey briefly knowledge which has accumulated on the relationship of thyroid to creatine metabolism and add to it observations which we have made. We shall then discuss the bearing of these findings upon the mechanism of the storage and excretion of creatine and creatinine. 1 This work was made possible by a grant from the Commonwealth Fund for the study of endocrine problems in childhood, supplemented by the John Howland Memorial Fund. The contents of this paper have been reported from time to time in the minutes of the Conference on the Metabolic Aspects of Convalescence, sponsored by the Josiah Macy, Jr. Foundation.
Excretion of creatine and creatinine in hyperthyroidisnm and hypothyroidism The relation of thyroid to the excretion of creatine was first pointed out in 1908 by Shaffer (15) who found increased creatine and decreased creatinine excretion in Graves disease. It is now generally recognized that the output of creatine is increased in hyperthyroidism (16 to 18) , and that the physiological creatinuria of childhood is absent or decreased in hypothyroid children (19 to 23, 31) .
Less attention has been paid to the effect of thyroid on the output of creatinine since the changes involve a relatively small percentage of the total output of this substance. Some writers consider these changes as insignificant ( 16) . However, the original observation of Shaffer that the output of creatinine is markedly decreased in hyperthyroidism has been confirmed by others (18, 24) . Wang (4) found an average daily urine creatinine excretion of 11.7 mgm. per kgm. in females with thyrotoxicosis, compared to a normal range of 14 to 22 mgm. per kgm. He did not demonstrate any alteration in the creatinine output in two cases of myxedema studied.
Although the total output of combined creatine + creatinine is of great importance in the study of the mechanism of storage and excretion, most writers have paid little attention to this. Eimer (25) reported total daily creatine + creatinine excretion of 11.6 to 17.7 mgm. per kgm. in women suffering from Graves disease, as compared to an excretion of from 18 to 22 mgm. per kgm. in normal women. Our own observations agree with those of most workers. However, a comparison of the coefficients of creatinine and of total creatine + creatinine in groups of hyperthyroid and hypothyroid patients with those of normal patients, does not give a true comparison of the output of such patients in relation to the actual muscle mass. The coefficients based on total body weight may be 360 misleading, since in the thin hyperthyroid patient the relative amount of muscle may be increased due to a depletion of fat, and in the hypothyroid patient the proportion of muscle is decreased because of the large amount of myxedematous fluid. More reliable information may be obtained by studying the excretion of a hyperthyroid or a hypothyroid patient before treatment and again after he has been adjusted through treatment to a comparatively normal state. We shall present such data in subsequent sections, but our general conclusions on the subject may be presented at this point.
In relation to the normal, the creatine output is increased in hyperthyroidism, decreased in hypothyroidism.
The creatinine output is decreased in hyperthyroidism and increased in hypothyroidism.
The total creatine + creatinine is relatively little affected; in hyperthyroidism there may be a significant decrease in some cases; in hypothyroidism the total output differs little from the normal but may be slightly increased.
Muscle creatine and phosphocreatine in hyperthyroidism and hypothyroidism In thyrotoxic rats a significant decrease of the creatine content of the striated muscle (26) and a decrease of both phosphocreatine and creatine in heart muscle (27) has been demonstrated. Wang (4), using improved methods, studied both creatine and phosphocreatine in rabbits. His results are shown in Table I .
Although the statistical significance of Wang's data becomes evident only if the thyroxinized and thyroidectomized rabbits are compared, his observations suggest that both creatine and phosphocreatine are decreased in hyperthyroidism and increased in hypothyroidism. It is probable that the differences would have been more striking if allowance had been made for the fact that muscle tissues retain fluid in myxedema and are depleted of fluid and fat in hyperthyroidism.
Treatment of thyrotoxic patients wvith iodine or with thiouracil Wang studied 23 females with thyrotoxicosis who were treated with iodine for periods of 15 to 55 days. He found in most instances a decrease in the creatine output, but states that the creatinine excretion was not altered. In reviewing these cases it appears that most did not have complete remission with iodine, the B.M.R. remaining + 20 to + 85 per cent. If we select the three cases studied after operation (No. 48 to 50), and one treated with iodine with a reduction of the B.M.R. to + 10 per cent (No. 59), we note the following results (Table II) .
In these four cases the creatinine output increased and the creatine diminished as the thyrotoxicosis improved. In two of the cases the total creatine + creatinine output decreased and in the other two it increased. A survey of the data reported in the literature shows that in thyrotoxic patients treated with iodine (16, 28) or with thiouracil (29, 30) the rise in creatinine excretion is not as consistent as the drop in creatine excretion. Our own experience with thiouracil therapy in children has been limited to two cases. In both of these cases when a creatine-free diet was given treatment caused a decrease in the output of creatine and an increase of creatinine. The total creatine + creatinine was decreased in one case and increased slightly in the other. These results are illustrated graphically in Figure 1 .
Treatment of hypothyroidism uith desiccated thyroid The effects of thyroid are shown most clearly when an athyrotic patient is first given thyroid therapy and the output of creatine and creatinine is measured daily for periods of 40 to 60 days. In previous papers we published data on the treatment of hypothyroid children (31) In each case the output of creatine, creatinine and total is shown for an average of 10 days without treatment. The subsequent changes in excretion under treatment are shown as averages of 5-day periods. During the first phase of treatment the excretion of creatine + creatinine was elevated above the pretreatment level. The total creatine + creatinine lost is indicated by the shaded areas. The increase in the output of creatine during the corresponding period is shown by the black area. Following the first phase of treatment the output of creatine + creatiine was reduced to or slightly below the pretreatment level, but the creatine was relatively increased and the creatinine decreased. The nitrogen balances shown at the top of the charts indicate that there were small deficits duing the first phase of treatment. * Indicates weight used in calculating creatine and creatinine coefficients throughout experiment. The weight was selected at the end of the treatment period because this gives a better index of the tissue mass than the weight before or during treatment. The reason for this -is that there are excess fluid stores in the myxedematous state. The marked decrease in weight during thyroid treatment is due almost entirely to the loss of body fluids and not to the loss of tissue proteins. Nitrogen balance studies carried out simultaneously showed that during the first 20 to 30 days of treatment there was only a slight loss of body protein and that after this there was a positive N-balance.
FIG. 3. EFFECTS OF TESTOSTERONE PROPIONATE AND METHYL TESTOSTERONE ON PATIENTS WHO ARE NOT HYPOTHYROID
These curves represent averages. There are wide variations of the levels in individual cases (13) . contrasted the type of curve observed with that found when patients are treated with methyl testosterone (13) . (Compare Figures 2 and 3 ). Other workers (32, 21) recorded similar effects from thyroid medication.
In Figure 2 we have recorded new observations made on four hypothyroid patients receiving diets containing less than 30 mgm. of creatine daily during the first 50 to 70 days of thyroid medication. The essential similarity of these charts is apparent in spite of minor variations which may depend upon the intensity of treatment and differences in the patients. The effects of treatment are perhaps illustrated best in cases 1 and 2, for which data are given in Table III. In case 1 the output of total creatine + creatinine increased abruptly on the administration of thyroid, rising from a level of 21.6 mgm. per kgm. to a peak of 32.3 mgm. per kgm. between the 6th and 15th days. The excretion then decreased until it reached the pretreatment level by the 30th day. After this it remained at or slightly below the level which had existed during the hypothyroid state in spite of subsequent increase in the dose of thyroid.
The excretion of creatine rose from 1.3 mgm. per kgm. to a peak of 12.3 mgm. per kgm. between the 6th and 15th day. By the 30th day it had decreased to 5.2 mgm. per kgm. After this * In case 1 the coefficients were calculated for weight of 11.5 kgm. throughout experiment.
In case 2-calculations were for weight of 45.0 kgm. the output fluctuated between 2.9 and 5.2 mgm. per kgm. during treatment with 64 mgm. of thyroid. When the dosage of thyroid was increased progressively up to 192 mgm. daily, the creatine output increased up to 7.5 mgm. per kgm.
The excretion of creatinine showed decided changes of a different sort. The ouput was slightly above the pretreatment level during the first 5 days. After the 15th day it decreased progressively reaching a level of 13.5 mgm. per kgm. compared to 20.3 mgm. per kgm. before treatment.
It is apparent that the effects of thyroid treatment fall into two phases. In the first phase (in this case lasting 30 days) there was an output of total creatine + creatinine above the hypothyroid level. In the second phase, the total excretion was approximately at the same level as during the hypothyroid state or perhaps slightly below it. During this phase, however, the creatine excretion was considerably increased and the creatinine excretion decreased in relation to the hypothyroid levels. Before treatment, free creatine constituted 6 per cent of the total; after adjustment to a dose of 64 mgm. of thyroid, 16 to 21 per cent. Increasing the dose of thyroid up to 192 mgm. caused the proportion of creatine to increase to 36 per cent, although the total output of creatine + creatinine was not affected.
Although the most obvious explanation of the temporary increase in the total creatine + creatinine output which occurs during the first phase of treatment, is an outpouring of stores of creatine from the muscles, it is necessary to consider other possible explanations. One other explanation might be that the patient loses his original sensitivity to thyroid and fails to respond after a time. This is unlikely, because in all cases the serum cholesterol remained at a low level, the B.M.R. continued to rise and clinical improvement progressed. The weight did not increase after the total creatine + creatinine excretion returned to the hypothyroid level. Another explanation might be that thyroid temporarily causes an increased synthesis of creatine. We shall disprove this in our further discussion by observations indicating that thyroid does not influence the. synthesis of creatine caused by methyl testosterone. If then we admit that there is a release of creatine stores during the first stage of treatment, the amount released can be calculated in case 1 as follows: The total creatine + creatinine lost from the body amounted to 2100 mgm. However, the creatine output was 2630 mgm. greater than would have occurred at the hypothyroid level of excretion. The difference of 530 mgm. is accounted for by a corresponding decrease in the output of creatinine.
The amounts of stores lost from the body (shown in Figure 2 by the black or shaded areas) vary in different cases and are not in exact relation to the patient's weight. It is apparent that in each case the increase in the amount of creatine put out during this period was greater than that of total creatine + creatinine. This means that a portion of the creatinine output comes directly from the stores and the remainder is due to a decrease in the conversion of creatine into creatinine.
The effect of testoterone propionate and methyl testosterone on the creatine metabolism of normal and hypogonadal patients In a previous paper (13) we have discussed the effects of androgens on creatine metabolism. As shown in Figure 3 may be due to the fact that the increased needs of the body for creatine are not fulfilled by a corresponding increase of synthesis. The temporary loss of creatine and creatinine which occurs on discontinuing testosterone propionate resembles closely the negative nitrogen balance which has been observed on withdrawing androgenic therapy (34) . Apparently when the stimulus to increased anabolism is withdrawn, a portion of the retained nitrogen which may be loosely bound is lost. It is possible that a portion of the creatine and phosphocreatine also is more loosely bound than the rest and is readily lost.
Methyl testosterone has a two-fold effect on creatine metabolism. It increases the need for creatine and phosphocreatine in building new muscle in the same way as does testosterone propionate, thus causing a slight temporary decrease in the excretion of creatine and creatinine. However, it also causes a marked increase in the rate of synthesis of creatine from its precursors, so that after 10 to 20 days the demands are exceeded, and increasing amounts appear in the urine. Discontinuing methyl testosterone causes a release of part of the stores as in the case of testosterone propionate.
FIG. 6. EFFECTS OF METHYL TESTOSTERONE IN HYPOTHYROID PATIENTS
WHEN UNTREATED AND WHEN CORRECTED WNITH THYROID Each column represents an average of a 5-day period. Each of these hypothyroid patients was tested with methyl testosterone while untreated with thyroid and having a high serum cholesterol, and again when well adjusted on thyroid therapy and having a low serum cholesterol. In each case, whether treated or untreated, the excretion of creatine and creatine + creatinine increased although there were variations in the rapidity of the response. Action of methyl testosterone in hypothyroid patients A number of experiments with methyl testosterone were made on two hypothyroid patients receiving a creatine-free diet, both while they were in the hypothyroid stage and while they were adjusted to an apparently normal condition by thyroid therapy. Patient 1 was a hypothyroid dwarfed boy of 4 years and 4 months who had a bone age of 3 months, and had never been treated previously. Patient 2 was a female cretin of 27 years who had been untreated until she was 22 years and was then treated intermittently. She was allowed to lapse into a hypothyroid state preparatory to the present studies. The complete studies are shown in Figures 4 and 5 . Several phases of these studies need special emphasis.
In Figure 6 are shown the effects of methyl testosterone when given to these two patients in the hypothyroid state in comparison with the effects exhibited by this steroid when these patients were adjusted to a comparatively normal condition M-T When this patient was given methyl testosterone while in a hypothyroid state the excretion of creatine and of creatine + creatinine was high. On discontinuing methyl testosterone, the output of creatine diminished promptly. Subsequently, when adjusted on thyroid medication, the withdrawal of thyroid was followed by a temporary increase in the excretion of both creatine and creatinine such as usually occurs in the normal individual. by thyroid medication. It is apparent that thyroid deficiency did not interfere wtith the synthesis and increased excretion of creatine which was brought about by methyl testosterone.
In Figure 7 is shown the effect of withdrawing medication with methyl testosterone from patient 2 while she was in the hypothyroid state, in contrast to the results observed. when methyl testosterone was discontinued in a hypogonadal patient who was not hypothyroid. There was no increase in the output of creatine or creatinine on wuithdrazwing methyl testosterone during hypothyroidism. Instead, the excretion decreased rapidly to a low level. The same observation was made in patient 1.
In Figure 8 we have recorded other observations made on the same hypothyroid subjects. Patient 1 had been treated with thyroid for nearly three months when the experiment was begun. On a dose of 128 mgm. daily, the creatine output was FIG. 8. WITHDRAWAL OF THYROID DURING TREATMENT WITH METHYL TESTOSTERONE Each column represents an average of a 3-day period. Case 1. In first period, patient was well adjusted on 128 mgm. thyroid daily and had normal output of creatine and creatinine. The administration of 25 mgm. of methyl testosterone while thyroid was given caused increased output. of creatine. After 30 days thyroid was stopped while methyl testosterone was continued. There was an immediate decrease in the output of creatine to a low level during the next 13 days. The serum cholesterol rose. Case 2. Previous experiment repeated on another patient and continued longer. On the administration of methyl testosterone during thyroid treatment there was a latent period followed by an increasing output of creatine. After 26 days thyroid was discontinued but methyl testosterone continued. Withdrawal of thyroid caused an immediate decrease in the output of creatine for 13 days after which the excretion rose rapidly to higher levels than previously. There was a brief drop in the creatinine during the second 3-day period. fairly stabilized at 4.5 mgm. per kgm. per day, creatinine 13.7 mgm. per kgm, While he continued to receive the same dose of thyroid, he was given 20 mgm. of methyl testosterone daily for a period of 30 days. The output of creatine rose rapidly and at the end of the period had reached a plateau at 8.5 to 10.0 mgm. per kgm., while the creatinine excretion was 13.0 to 15.8 mgm. per kgm. At this time thyroid medication was discontinued but treatment with methyl testosterone was continued. The output of creatine dropped rapidly by the second day and between the 10th and 13th days was 1.5 mgm. per kgm., while the creatinine was 12.4 mgm. per kgm. Unfortunately, the experiment was discontinued at this point.
Patient No. 2 had previously been stabilized on a daily dose of 96 mgm. of thyroid and had a fairly constant output of creatine, averaging 1.8 mgm. per kgm. with a creatinine excretion of 15.5 mgm. per kgm. Continuing the same dose of thyroid, the patient was given 30 mgm. methyl testosterone daily. During the first 12 days there was a slight decrease in the excretion of creatine and creatinine. After this, the excretion increased until on the 25th and 26th days the output was creatine 8.5 mgm. per kgm. and creatinine 14.4 mgm. per kgm. At this time thyroid medication was discontinued but the administration of methyl testosterone was continued. After 2 days the excretion of creatine decreased abruptly and remained at levels between 0.8 and 2.0 mgm. per kgm. between the 4th and 13th days. After the 13th day the output again increased reaching 9.7 mgm. per kgm. between the 16th and 18th days, and then continued to rise until between the 25th and 27th days the output of creatine was 22.4 mgm. per kgm. and that of creatinine 23.0 mgm. per kgm. It should be noted that in this experiment the creatinuria due to methyl testosterone was on an ascending curve which had not yet reached a plateau. In the midst of this ascent the withdrawal of thyroid caused an abrupt decrease in the output of creatine which lasted for about 13 days. This was followed then by an increasing creatinuria which again followed the ascending curve to the high levels frequently observed under medication with methyl testosterone (compare Figure 3) . The temporary decrease in creatine excretion must be attributed to the onset of thyroid deficiency brought about by withdrawing therapy, because it has never been observed while methyl testosterone was being administered to individuals who were not hypothyroid. The significance of this finding will be discussed later.
Summary: The various effects of thyroid hormone on the storage and excretion of creatine and creatinine are summarized in Table IV .
DISCUSSION OF CREATINE METABOLISM
In the studies presented above we have dealt entirely with the endogenous metabolism of creatine which has been shown to proceed independently of ingested creatine. The present theories on the relations of creatine in the body are illustrated in Figure 9 . In the muscle, creatine enters into a rapid equilibrium exchange with inorganic phosphate. The enzymatic reactions necessary for this cycle involve the formation of adenosine triphosphate and the oxidation of carbohydrates (6 to 8). The excretion of creatine is apparently influenced by factors different from those which govern the out-put of creatinine. It may vary markedly in the same individual, It is high in childhood, low in adult life. It is increased by starvation, high protein diet, carbohydrate deprivation, fevers, thyrotoxicosis and by the administration of methyl testosterone, and is decreased in hypothyroidism and by the administration of testosterone propionate. The complete absence of creatine from the urine at times may be due to the fact that there is a renal threshold so that it is excreted only when the serum concentration exceeds 0.58 mgm. per cent (35) Represents the liberation and excretion of creatine. This varies considerably depending upon the ability of the muscles to retain or liberate free creatine. If the amount liberated into the blood is below the renal threshold none appears in the urine.
Represents the formation and excretion of creatinine. The chemical reaction is believed to occur at a constant rate in which case the amount formed would depend 8 upon the total stores of creatine or of phosphocreatine in the body. The excretion is not limited by a renal threshold.
tinine is fairly constant for each individual. The relative stability of the output and the lack of effect of exercise and diet led originally to the concept that the total amount of creatinine excreted depended solely upon the total muscle mass of the body. The fact that changes sometimes occur which are greater than can be accounted for by alterations in the muscle mass makes it seem more probable that the creatinine output depends upon the total stores of creatine in the muscle which might be subject to variation, rather than upon the muscle mass. Bloch, Schoenheimer and Rittenberg (36) showed that the rate of excretion of creatinine corresponded to a conversion of 2 per cent of the creatine in the body in 24 hours. There is no renal threshold for creatinine.
It has been generalfy accepted that creatinine is derived from creatine by the removal of a molecule of water and the addition of a C-N linkage (Theory A. Figure 9 ). Recently a number of workers have suggested that creatinine might be formed by the dephosphorylation of phosphocreatine as shown in Theory B. Figure 9 . Borsook and Dubnoff (37) found that in vitro at 380 C. without the intervention of an enzyme, phosphocreatine breaks down to creatinine at the rate of 2 per cent in 24 hours, which is much faster than the formation of creatinine from creatine under the same conditions. Rosengart (38) working with minced muscle obtained similar results and Lipmann (8) suggested the same possibility.-Wang (4) as a result of extensive clinical investigations, stated "the formation of creatinine may be somehow related to the amount of phosphocreatine present in the organism and not to the total creatine contents." Taking the above facts into consideration, it is apparent that changes in the excretion of creatine or of creatinine might result from a number of different causes, namely:
1. Changes in the rate of synthesis of creatine from its precursors It has been shown that the synthesis of creatine is increased by the administration of methyl testosterone ( 13, 14) . Other conditions which might affect this synthesis have not been fully investigated.
2. Changes in the ability of the muscles to store or liberate creatine or phosphocreatine Analyses of muscles have shown that the concentration of creatine is decreased in thyrotoxicosis (4, 26, 27) , in progressive muscular dystrophy (39, 44) and in denervation atrophy (41 ) . Wang (4) demonstrated increased creatine and phosphocreatine in the muscle of thyroidectomized rabbits, and Williamson and Gulick (42) found increased total creatine of muscle after the administration of testosterone propionate.
Changes in the rate or direction of the creatinephosphocreatine cycle
Direct studies on the ways in which this reaction may be influenced are lacking. However, several workers (43, 4) have suggested that thyroid may have an influence on the synthesis or breakdown of phosphocreatine. 4 . Changes in the rate of conversion of creatine or of phosphocreatine into creatinine We are not aware of any direct evidence on this subject.
CONSIDERATION OF THE EFFECTS OF THYROID ON CREATINE METABOLISM
Does thyroid influence the rate of synthesis of creatine from its precursors?
The observations which we have recorded suggest that it has little, if any, influence. In the two hypothyroid patients studied (see Figure 6 ) methyl testosterone caused increased excretion of creatine irrespective of whether the condition was untreated or well controlled by thyroid therapy. Furthermore, treatment of hypothyroid patients with methyl testosterone caused an increased output of creatine + creatinine, whereas after the first phase of adjustment thyroid meAication did not increase but possibly diminished the total output, although the ratio of the two compounds was altered ( Figure 2 ). Does thyroid influence the storage of creatine?
We have already discussed the evidence that the large amounts of creatine excreted during the first 30 to 35 days of thyroid medication by the four patients presented in Figure 2 were apparently due to the release of stores of muscle creatine. In normal individuals thyroid causes a simi-lar response, but larger doses are required and the losses of creatine are smaller and of shorter duration (31) . We have reported (44) that thyrotropic hormone acts in the same way in most normal individuals.
When thyroid is withdrawn from the body increased amounts of creatine are apparently retained. This is suggested by the experiment (Figure 8) in which treated myxedematous patients were allowed to lapse into the hypothyroid state by withdrawing thyroid therapy while they continued to receive methyl testosterone. Even though the rates of synthesis and excretion of creatine were increased greatly above the normal by methyl testosterone, the withdrawal of thyroid apparently caused creatine to be retained to such a degree that little was excreted until after the 13th day, when the storage capacity of the muscles again became filled to overflowing. Additional evidence that the hypothyroid patient retains creatine more tenaciously than the normal individual is afforded by the observation that when methyl testosterone was discontinued there was no release of a portion of the stored creatine such as occurs in the normal individual (Figure 7) . These deductions concerning the effects of thyroid on the storage of creatine are substantiated by the careful chemical analyses of the muscles of rabbits by Wang (4) showing that in hypothyroidism the concentrations of creatine and phosphocreatine are increased and in hyperthyroidism they are diminished.
Little is known concerning the way in which thyroid governs the movements of creatine into or out of the muscles. It is possible that the loss of creatine which occurs when the hypothyroid patient is first treated may to some extent be accounted for by the breakdown of muscle tissue under the influence of thyroid. We have 'corroborated the observation of Maroney and Johnston (45) that the administration of thyroid to hypothyroid children results at first in a negative nitrogen balance which is then followed by a positive balance as the patient begins to grow and build new tissue. As shown in Figure 2 the periods of nitrogen deficit correspond roughly to those of creatine loss. However, the amount of muscle protoplasm catabolized calculated from our data ? 2Because of the variability of the fluid content of myxedematous muscles, only an approximate calculation on the assumption that all the nitrogen loss comes from muscle tissue, is insufficient in some cases to yield the amounts of creatine + creatinine which were lost in these periods. Likewise it is difficult to believe that the increased stores of creatine which are accumulated when thyroid is withdrawn can be explained entirely by the building of new muscle protoplasm. Another possibility is that the movements of creatine may be associated to some extent with those of tissue fluid. This is suggested by the fact that the changes in creatine excretion and the loss or accumulation of myxedematous fluid are the earliest and most rapid effects observed when thyroid is given or withdrawn. They occur much more rapidly than changes in the B.M.R. More extensive study would be necessary to determine whether the movement of creatine into or out of muscle occurs independently or whether it is associated with changes in muscle protoplasm or tissue fluid.
Does thyroid influence the rate of conversion of creatine into creatinine? Both our data and the studies of others offer convincing evidence that the amount of creatine which is converted into creatinine is decreased in hyperthyroidism and increased in hypothyroidism. It is not possible to explain the diminished output of creatinine caused by thyroid as the result of a decrease in the total muscle mass, because when a hypothyroid child is properly treated he stores nitrogen, grows and develops increased musculature while his creatinine output decreases. Likewise if the change in creatinine output were due to a catabolic effect of thyroid on the muscle tissue, one would expect the urinary creatinine to be high in hyperthyroidism, whereas actually it is low.
If the amount of creatinine formed daily depends solely upon the total stores of creatine or of phosphocreatine in the body, the changes in excretion observed might depend upon alterations in stores which are brought about by thyroid. Thyroid increases the output of creatine, thereby diminishing the stores in the muscles and hence the production of creatinine. Deficiency of thycan be made from the nitrogen losses of the anounts of creatine which might be liberated by the breakdown of muscle protoplasm. It is possible that in cases 2 and 4, sufficient muscle was catabolized to yield the amounts of creatine lost, but this is not true in cases 1 and 3. roid leads to increased stores in the muscle and accordingly increased production of creatinine. These alterations in the excretion of creatinine could occur irrespective of whether it is derived from creatine or phosphocreatine, because the stores of both creatine and phosphocreatine are increased or decreased simultaneously.
It is by no means certain that the changes in the muscle stores are of sufficient magnitude to account for the degree of alteration in the output of creatinine actually observed. In this case, it is necessary to assume that thyroid must in some way influence directly the conversion of creatine into creatinine. If creatinine is derived directly from creatine, this reaction must be directly affected. On the other hand, if creatinine is formed from phosphocreatine, thyroid might diminish the production of creatinine by influencing the enzyme system controlling the phosphorylation of creatine to phosphocreatine as suggested by Wang.
Our observations offer no solution to these problems but indicate the necessity of further investigations.
SUMMARY AND CONCLUSIONS
We have discussed the present knowledge of the metabolism of creatine especially in reference to the problems of storage and excretion, and have presented two theories concerning the origin of creatinine ( Figure 9 ). It seems probable that alterations in the excretion of creatine bodies might be brought about by changes (1) in the rate of synthesis of creatine from its precursors; (2) in the ability of the muscles to store or to liberate creatine; (3) in the rate or direction of the creatine-phosphocreatine cycle; (4) in the rate of. conversion of creatine or of phosphocreatine into creatinine.
Various studies of the effects of thyroid hormone on the storage and excretion of creatine and creatinine are reported and summarized in Table  IV . Analysis of these observations suggests the following conclusions: Thyroid has negligible effect upon the synthesis of creatine from its precursors. Its effect upon the excretion of creatine depends largely upon the fact that it facilitates the loss of creatine from the muscles. Excess of thyroid increases the amount of creatine liberated from the muscles, thereby decreasing the stores of creatine and phosphocreatine. In the absence of thyroid, creatine is retained in the muscle and the stores of both creatine and phosphocreatine are increased. When thyroid is administered to a patient with myxederna the amounts of creatine lost cannot, be accounted for entirely by the catabolism of muscle protoplasm. It is not known whether the movements of creatine into or out of muscle occur independently or are associated with changes in muscle protoplasm or of tissue fluid. The fact that the output of creatinine is altered in the opposite direction from that of creatine might be explained solely by the changes of concentration of creatine and phosphocreatine in the muscles. However, it is not certain that the magnitude of the changes in concentration of the muscle stores is sufficient to account for the change in the excretion of creatinine actually observed. It is possible that in addition to diminishing the stores of creatine and phosphocreatine in the muscles, thyroid may also decrease the conversion of these substances into creatinine.
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